Climate variation affects surface ocean processes and the production of organic carbon, which ultimately comprises the primary food supply to the deep-sea ecosystems that occupy Ϸ60% of the Earth's surface. Warming trends in atmospheric and upper ocean temperatures, attributed to anthropogenic influence, have occurred over the past four decades. Changes in upper ocean temperature influence stratification and can affect the availability of nutrients for phytoplankton production. Global warming has been predicted to intensify stratification and reduce vertical mixing. Research also suggests that such reduced mixing will enhance variability in primary production and carbon export flux to the deep sea. The dependence of deep-sea communities on surface water production has raised important questions about how climate change will affect carbon cycling and deep-ocean ecosystem function. Recently, unprecedented time-series studies conducted over the past two decades in the North Pacific and the North Atlantic at >4,000-m depth have revealed unexpectedly large changes in deep-ocean ecosystems significantly correlated to climate-driven changes in the surface ocean that can impact the global carbon cycle. Climate-driven variation affects oceanic communities from surface waters to the much-overlooked deep sea and will have impacts on the global carbon cycle. Data from these two widely separated areas of the deep ocean provide compelling evidence that changes in climate can readily influence deep-sea processes. However, the limited geographic coverage of these existing time-series studies stresses the importance of developing a more global effort to monitor deepsea ecosystems under modern conditions of rapidly changing climate.
T he ocean occupies Ϸ71% of the Earth's surface with a mean depth of Ϸ3,700 m. Deep-sea regions Ͼ2,000-m depth cover Ϸ60% of the Earth's surface. A great proportion of this vast deep-sea expanse, the abyssal zone, has never been explored and much Ͻ1% has ever been observed directly. Sampling the deep sea has been constrained by the technological difficulties involved in placing instrumentation remotely in a corrosive medium under high hydrostatic pressure, especially for long time-series studies essential to understanding the effects of long-term processes such as climate change on deep-sea ecosystems. Recent biogeochemical research in the deep sea has been directed largely toward midocean ridges and the chemosynthetic ecosystems that can inhabit such areas. Although scientifically interesting, these areas occupy only a small percentage (Ͻ1%) of the deep-sea floor. The vast expanses of the sea floor covered with soft sediment have received less attention, even though their extent is orders of magnitude greater, they play a larger role in carbon cycling, and they are much more likely to be influenced by anthropogenic processes such as recent climate change, mineral and hydrocarbon extraction, and commercial fishing.
Communities of organisms occupying this soft-sediment-covered expanse of the deep sea, considered a food-limited environment, are ultimately fueled by organic matter produced through photosynthesis in surface waters. A portion of this food escapes the surface waters and ultimately sinks to the sea floor. This link between surface-ocean and deepsea processes has been known since the late 19 th century, but now the importance of temporal variation at both seasonal and interannual scales has been substantiated (1) .
Deep-sea communities are sensitive to variation in food supply. The abundance of sediment community fauna is positively related to primary production in the overlying water (2, 3) . Respiration of the sediment community, an estimate of organic carbon utilization, is positively linked to the amount of particulate organic matter reaching abyssal depths (4, 5) . The megafauna, conspicuous inhabitants of the surface sediments, consume detrital material (6) (7) (8) that can be linked back to surface water plankton production (9, 10) . Our current knowledge of the connections between food supply and benthic community processes in the abyssal ocean are examined here with an emphasis on results from two long-term study sites, one in the Northeast Pacific (Station M, Ϸ4,100-m depth) and one in the Northeast Atlantic [Porcupine Abyssal Plain (PAP), Ϸ4,850-m depth; Fig. 1 ]. The results have been arranged here from the surface to the deep ocean, beginning with variation in climate and upper ocean conditions and the resulting changes in photosynthetic production of sinking particulate organic carbon. These processes are tied to variations in the arrival of the food supply to the deep ocean and the subsequent variation in deep-sea communities and biogeochemical processes at the sea floor.
Climate and Carbon Flux
The efficiency of particulate organic carbon export from the surface waters to depths of 500 m is estimated to range from 20% to 50% in the North Pacific (11) . There is a general trend of decreasing organic carbon flux with increasing depth (12) . Sinking particulate organic carbon (POC) flux collected in sedimentation traps at abyssal depths is generally Ͻ5% of production in surface waters. However, this minimal food supply sustains the biological communities that inhabit the greatest surface area of our planet, and any alteration in the sinking flux of POC to deep-sea ecosystems could produce pervasive changes.
Estimates of food supply based on sinking particles collected in bottommoored sedimentation traps at abyssal depths have been significantly (P Ͻ 0.05) correlated to satellite-estimated surface primary production and export flux when shifted (lagged) earlier by 1-2 months in long time-series studies conducted in both the Northeast Pacific (13) and Northeast Atlantic (14, 15) . The magnitude of this food supply [POC flux (POCF)] measured at 3,500-and 4,050-m depth, 600 and 50 m above bottom, respectively, in the Northeast Pacific ( Fig. 2A ) over a 15-year period has been shown to be significantly correlated with climate indices on ocean basin and regional scales (16) . The Pacific-basin scale Northern Oscillation Index (NOI) was significantly correlated with POCF when lagged earlier by 6 months ( Fig. 2 B, F, and G) . The regional scale Bakun Upwelling Index for an area over the Northeast Pacific site also was significantly correlated with POCF when lagged earlier by 2-3 months (Fig. 2 C, F , and G), indicating a strong relationship between the intensity of coastal upwelling that delivers nutrient-rich water for primary production and POCF to the abyss (16) .
A portion of the food supply to the deep ocean consists of large sinking aggregates of organic matter that are commonly observed as patches of phytoplankton detritus (phytodetritus) on the deep-sea floor (17, 18) . Many of the larger detrital aggregates are believed to be under-sampled by sedimentation traps and represent an often-ignored food supply (15, 19, 20) . The seasonal presence of aggregates on the sea floor in the Northeast Pacific has been correlated significantly to pulses of sinking POCF and surface water conditions such as upwelling intensity, primary production, and zooplankton abundance (ref. 21 and Fig. 2) .
Similar conditions are found in the Northeast Atlantic where the North Atlantic Oscillation (NAO) influences winds, precipitation, storms, and surface ocean mixing especially in winter. Positive variations in the monthly NAO index have been linked to increases in the amount of POC exported from surface waters and ultimately to the amount of POC reaching sedimentation traps at 3,000-m depth (1,850 m above bottom). Increases in monthly surface production and export between 1989 and 1998 typically were followed by changes in abyssal POCF with lags of 0-3 months (refs. 15 and 16 and Fig. 3 A and B) . More recent results suggest that year to year variation in POCF can approach an order of magnitude (22) .
As noted above, Northeast Atlantic climatology can be described by the NAO index (Fig. 3A) and has been linked with POC export from surface waters and supply to the abyssal seafloor (15, 16) . In adjacent shallower seas (English Channel and North Sea) variations in the NAO index have been linked with changes in surface water communities from phytoplankton to fishes (23) . The winter NAO index value for 1996 (December 1995-March 1996) was unusually low, representing one of the most extreme values over the past 100 years. The 1996 spring bloom was unusually dominated in biomass by small phytoplankton rather than by larger diatoms, as typically is the case. The highest POC fluxes to the deep sea were observed in 2001, another year with a mildly negative wintertime NAO. So, even though the NAO had a significant positive correlation with POCF to 3,000-m depth between 1989 and 2004, important unexplained variation also was observed, perhaps associated with variable efficiency of POCF transfer in the midwater or fluctuations in a process not connected to NAO variation. Data from the PAP also suggest that timing of mixed layer depth shoaling and the seasonal increase in POCF may have occurred progressively earlier over the course of the study period (22) , although mechanistic understanding of this trend is currently incomplete. Northeast Atlantic climate variation nonetheless appears to influence POCF.
The apparent connectedness of variations in climate and deep-sea biogeochemical fluxes suggest that, if secular climate change results in altered export fluxes, those shifts would cascade to produce changes in deep-sea ecosystems. Numerical model simulations suggest that increased stratification under future climate change, caused by surface water warming, could result in long-term shifts in surface production and export fluxes (24) (25) (26) . Empirical results also suggest that open-ocean and alongshore upwelling (27) , aerosol and dust nutrient input (28, 29) , depth of winter mixing (30) , and water clarity or a combination of such mechanisms (31) could be important factors in future variations of export flux to the deep sea.
Atmospheric and upper-ocean warming already have been documented over the past four decades (32) . Global warming has been predicted to increase stratification while reducing vertical mixing and nutrient exchange from deeper depths with resulting implications for phytoplankton production (33, 34) . Such reduced mixing will enhance variability in primary production and carbon export to the deep sea (35) . Nutrient depletion in surface waters caused by increasing stratification is suggested to favor small phytoplankton species over larger species such as diatoms (25) that sink more rapidly and export a greater fraction of primary production in the form of POC into the deep sea (11) . Increasing CO 2 concentrations resulting in decreasing pH could influence surface plankton production by affecting calcifying plankton such as coccolithophores and foraminiferans (36, 37) , reducing their contribution to export flux to the deep sea (11) . Research should nonetheless continue to consider the relative importance of other mechanisms, especially those not well-represented in current global climate models.
Deep-Sea Community Structure
Common deep-sea demersal fishes associated with the sea floor are dominated by grenadiers (Macrouridae). At the Northeast Pacific site, two species of macrourid fishes, Coryphaenoides armatus and Coryphaenoides yaquinae, feed on a combination of prey, including carrion from epipelagic fishes and benthic animals (38) . These macrourids more than doubled in abundance over a 15-year period from 1989 to 2004 (ref. 39 and Fig. 4B ). It has been proposed that this change is linked to changing epipelagic carrion supply influenced by commercial fishing and climate variation (38) . Similar links between commercial fishing and deep-sea fish abundances also have been observed in the Northeast Atlantic (40) .
On the sea floor, the epibenthic megafauna are highly conspicuous and dominated by echinoderms, particularly mobile species of holothurians (sea cucumbers) and echinoids (sea urchins). In the Northeast Pacific, two species of holothurians, Elpidia minutissima and Peniagone vitrea, increased in abundance from 1989 through 1996 then decreased by three and two orders of magnitude, respectively, after 1998 (Fig. 4C) . In contrast, three other species of holothurians and one species of echinoid, Echinocrepis rostrata, increased significantly in abundance after 2001 (refs. 41 and 42 and Fig. 4D ). These shifts in epibenthic megafauna abundance are significantly correlated to El Niño/La Niña events expressed in the NOI climate index when lagged by 14-18 months (Figs. 2B and 4E). Species of epibenthic megafauna with elevated abundances exhibited decreases in body size, suggesting increased reproduction followed by recruitment of young individuals as a probable mechanism (42) . Decreases in megafaunal abundance are believed to be related to less favorable competitive interactions and mortality (41, 42) . Variations in food supply also have been significantly correlated to megafaunal behavior (43) and levels of sediment mixing by megafauna (44) , and this mixing has been linked to changes in abundances of smaller fauna (45) .
Smaller fauna (macrofauna) are largely undetected by photographic surveys and generally sampled by coring the sea floor. Initial results from a single year showed a significant seasonal increase in macrofaunal abundance from June to the following February at the Northeast Pacific site. However, there were no significant net changes across a 2-year time span (46) . Over a longer 10-year period, total macrofaunal abundance and biomass were significantly correlated to climate-related changes in food supply, with lags of 4 and 8 months, respectively (ref. 47 and Figs. 2 F and G and 4 A and I). The three dominant taxa during this period were nematodes, crustaceans, and polychaetes (Fig. 4 F-H) . The time lag from climate events to changes in abundance of these smaller fauna, which ranged from 8 to 9 months, was shorter than that found for the larger epibenthic megafauna (41), suggesting a more rapid response by macrofauna. As was the case for the epibenthic megafauna, the sediment macrofauna also showed changes in abundance and biomass that were significantly correlated to POCF (47) . Clear seasonal responses of macrofauna to POCF also have been observed in the oligotrophic (low nutrient) central North Pacific at 4,730-m depth (48) .
As in the Northeast Pacific, climatedriven changes in abyssal food supply at the Northeast Atlantic site are thought to influence the abundance and community structure of the benthos. Research in the Northeast Atlantic has examined the importance of food quantity (Fig.  3B ) and quality, with potential competition between species in their responses to food inputs. Variations in megafaunal abundance have been dominated by a single species of small holothurian, Amperima rosea (Fig. 3C ). This species is capable of boom-bust population dynamics, with densities varying by Ͼ2
orders of magnitude in 6-month periods (49) . Other small holothurians, e.g., Ellipinion molle (Fig. 3D) , also appear capable of rapid increases and decreases in abundance. Larger holothurian species, e.g., Psychropotes longicauda and Pseudostichopus aemulatus (Fig. 3E) , do not exhibit population changes of such a large magnitude but nevertheless show clear responses to presumed food supply changes (50) . As in the Northeast Pacific, species exhibiting significant population increases also showed shifts in body-size distributions to smaller individuals, suggesting reproduction and relatively rapid recruitment during periods of increased food availability (50) . The abundance of another holothurian, Oneirophanta mutabilis, conversely declined as others increased (Fig. 3F) , perhaps reflecting the importance of potential competitive interactions similar to those found in the Northeast Pacific. Rates of megafaunal movement across the sediment surface increased markedly as the total abundance and biomass of the megafauna shifted (ref. 49 and Fig. 3G ) and are likely to influence sea floor biogeochemical processes such as burial and remineralization. The changes observed in the abyssal megafauna at the Northeast Atlantic site may be related to changes in both the quantity and quality of food supply (51, 52) . Biochemical indicators suggest that some holothurians are either selectively feeding on or selectively digesting different combinations of nutrient pigments (51, 53) . This selectivity, combined with differences in feeding tentacle structure, provide a mechanism for resource partitioning, even among congeneric holothurians (54) . Proportionally greater carotenoid selectivity in A. rosea, for example, may allow this species to gain a competitive advantage in acquiring reproductively important pigments (51) . A. rosea and E. molle feeding on surface sediments also selectively remove sterols, which are not biosynthesized by deep-sea holothurians and are believed to be nutritionally important (55) . Indeed, carotenoid pigments have been traced to the reproductive tissues of deep-sea holothurians (54, 56) . As in the Northeast Pacific, some species in the Northeast Atlantic community showed opposing trends in abundance related to food availability. The reproductive potential of O. mutabilis (Fig. 3F ) was notably reduced during increased A. rosea abundance, suggesting that O. mutabilis was disadvantaged during the time when A. rosea (Fig. 3C ) was thriving (57) .
Smaller members of the sediment community at the Northeast Atlantic site also have been examined. Foraminiferans (protists) significantly increased in abundance during periods of high A. rosea densities (58). One species (Quinqueloculina sp.) underwent a boom-bust cycle closely matched to those of A. rosea and E. molle. In contrast, another species (Epistominella exigua), a specialist feeding on phytodetritus (59), declined when A. rosea was more abundant. It is possible that E. exigua was out-competed for phy- todetritus by mobile surface depositfeeding megafauna (e.g., A. rosea and the ophiuroid Ophiocten hastatum; ref. 49) . Among infaunal metazoans (meiofaunal and macrofaunal polychaetes), populations increased significantly during the period of enhanced A. rosea abundance.
There is a strong possibility that major changes in the fauna of the PAP are linked to climate-driven variations in the quantity and composition of sinking organic matter. Faunal change (see e.g., A. rosea, Fig. 3C ) began in late 1996, after an extreme negative winter NAO, and peaked the following year (1997). A. rosea also underwent a second boom-bust cycle with a peak in 2002, again just after a negative NAO winter. The Northeast Atlantic time series also had significant correlations between NAO and the abundance of A. rosea and the species composition over the study period. The data records, though, are too short and of insufficiently high frequency to draw firm conclusions about this potential link between climate change and the abyssal fauna.
Deep-Sea Ecosystems and Carbon Cycle Processes
The net impact of climate-driven variation on the proportion of carbon either buried or remineralized is unknown, but understanding of the processes controlling carbon dynamics at the seabed is improving. Changes in the quantity and quality of food supply to the deep ocean have been related to variation in benthic community structure, with measurable implications for ecosystem functioning in the deep sea (60, 61) . Because benthic communities seem to respond Ja n-90 Ja n-91 Ja n-92 Ja n-93 Ja n-94 Ja n-95 Ja n-96 Ja n-97 Ja n-98 Ja n-99 Ja n-00 Ja n-01 Ja n-02 Ja n-03 Ja n-04 readily to food supply with fundamental changes in abundance, community structure, remineralization of carbon, bioturbation, and ecosystem function, the pervasive climate changes foreseen by the Intergovernmental Panel on Climate Change (IPCC) may have lasting impacts in the deep sea as well (62) . Even seemingly subtle changes that persist beyond the year 2300, as projected by the IPCC, could have important implications for biogeochemical processes and other ecological interactions that affect the functioning of the oceans as a whole.
An indicator of benthic community remineralization of food supply (POCF) is the rate at which organic carbon is used by the sediment community. This estimate of food utilization is termed sediment community oxygen consumption (SCOC) and has been measured in situ with autonomous respiration chambers on the sea f loor. Long time-series records have shown a strong seasonal signal in SCOC, which is highest in summer and fall and lowest in winter at the Northeast Pacific site and believed to be driven primarily by microbes and smaller fauna (46, 47, 63) . Larger fauna have been observed to mix fresh phytodetritus centimeters into abyssal sediments, thus increasing the likelihood of carbon burial and facilitating aerobic life deeper into the sediment. Such facilitation is thought to explain the recently observed positive relationships between deep-sea biodiversity and ecosystem functioning (61) .
Over an extended time series in the Northeast Pacific, seasonal fluctuation in SCOC was in relative synchrony with the food supply but displayed less interannual variability (Fig. 5) . However, a long-term discrepancy was recorded between food supply and utilization, with diminishing supply of POC to meet the utilization of the sediment community (64) . The ratio of POC flux to SCOC (POCF/SCOC) declined from near unity in 1989 to 0.2 in 1996. The ratio rebounded to 0.4 in 1998 (13) but remained below unity from 2005 to 2007 after a 5-year hiatus in measurements (Fig. 4) . Periods of deficient food supply in relation to food utilization at the Northeast Pacific site can be accommodated to some extent by depletion of standing stocks of organic carbon in the sediment but not indefinitely (13) . It is possible that a portion of this deficit in food supply results from the undersampling by sedimentation traps of sinking POCF in the form of discrete detrital aggregates (15, 19, 20) . However, even when direct measurements of POCF to the benthos are supplemented by an empirically derived estimate of carbon fluxes based on visible sea-floor detrital aggregates (Fig. 2H) there is still a deficit in available food supply during most of the existing time series (21) . The quality of the available food during periods with long-term deficits is also thought to change, with less fresh POC and a greater reliance on material that is likely to be more refractory. Fluctuations in food supply driven by climate variation ultimately are linked to changes in benthic community structure and processes: higher POCF is significantly correlated with increased SCOC on both seasonal and interannual time scales (47) . In particular, a long-term deficit in sinking particulate flux to the deep-sea floor would be expected to have a discernible impact on biogeochemical processes and ecological interactions that affect the functioning of the oceans as a whole. It is possible that the apparent discrepancy between sinking food supply and benthic community utilization can be reconciled by infrequent, episodic inputs of organic matter to the sea floor. Such events have been inadequately detected by individual sampling or monitoring equipment, especially given the small number of these kinds of instruments that have been deployed for long periods of time in the deep sea.
Conclusions
Long-term changes in climate will likely influence the ecology and biogeochemistry of the deep sea. Not only has flux efficiency been shown to vary spatially (65) , but climate-driven temporal variation in POCF to the abyss also influences benthic communities over time scales as short as weeks to months. Processes over the greatest area of the Earth's surface are very poorly constrained in most carbon cycle models and rarely considered in discussions of global climate variation. This out-ofsight, out-of-mind mentality in ignoring the vast expanse of the deep ocean needs to be reversed in light of longterm datasets from two major ocean basins showing that the deep sea is strongly impacted by climate variation over a range of time scales. For example, efforts to evaluate the potential effects of artificially fertilizing the ocean with iron have focused on upper water column impacts (66) , but the results summarized here suggest that those effects likely extend to the abyssal seafloor, as indeed appears to be the case in regions influenced by natural iron fertilization (67) .
Major unanswered questions relate to the effects of global warming on surface primary production and the portion of this surface-derived food supply that reaches the deep ocean and is ultimately remineralized or sequestered in sediments. Another concern is increasing CO 2 concentrations that could acidify the ocean and alter deep-sea communities (68) . Existing long-term datasets from two major ocean basins show that deep-sea communities are strongly affected by climate variation and suggest that useful estimates of the magnitude of climate-change impacts on deep-sea ecosystems are both plausible and necessary. One limitation is the paucity of datasets that include long-term monitoring of deep-sea communities with high temporal resolution. Such time-series studies of the deep ocean are critical to understanding the impact of global warming on this vast, but poorly understood, ecosystem. Long-term monitoring of the abyssal realm is best accomplished with autonomous instrumentation that provides rapid feedback to shore-based scientific centers capable of analyzing data and adjusting sampling programs to best evaluate a changing ecosystem. Cabled observatories and seafloor-moored arrays in critical areas of the ocean are currently being designed and implemented, minimizing the need for costly ship-based measurements (69) that are difficult to sustain over long time periods and may not adequately capture episodic events critical to our interpretation of changes in the deep sea.
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